The role of smoke particles in the pathogenesis of smoke inhalation lung injury is enigmatic. We report an experimental model that facilitates study of this issue. Mice were exposed over a 30-min period to smoke released from a flexible polyurethane foam, heated at 400&deg;C. The smoke was initially rich in spherical, isocyanate-containing particles of respirable sizes. Respirations were labored at the end of the exposure and worsened with time and were accompanied by increases in lung water. Bronchoalveolar lavage revealed a significant reduction in the total number of alveolar macrophages in the fluid recovered from the lungs as early as 2 hr after exposure. Macrophage cytoplasm contained numerous smoke particles and decreased numbers of lysosomal-like granules, and the nuclei were often pyknotic. The same recovered lavage fluid contained numerous smoke particles, free lysosomal-like granules, cytoplasmic and nuclear debris, and significant increases in the soluble activity of both the lysosomal marker enzyme and total protein. These findings indicate that there was cell breakdown, including macrophages. Free-radical isocyanates are toxic compounds, and we suggest that after being phagocytized these compounds contribute to the breakdown of macrophages. A pathogenic relationship between these macrophage changes and the acute lung injury can next be explored in this model.
INTRODUCTION
Smoke inhalation is a major cause of deaths from fires (13) , including those occurring in residential structures ( 19) . The mode of death varies (6) . One that is potentially preventable in rescued victims is acute respiratory failure, usually due to pulmonary edema and sometimes of delayed onset. Its pathogenesis is under intense scrutiny in various experimental models (6) . The constituents of smoke are numerous and extremely varied irrespective of the source (18, 22, 27) and include solid particulates, gases, and vaporized chemicals. The toxicity of smoke particles such as carbon, soot, or others is generally ascribed to toxic smoke gases and chemicals that are absorbed onto or dissolved in the particles (6, 12) . We examined a model that uses as a source of smoke a material commonly found in upholstered furniture (23, 25) , a flexible polyurethane foam (FPUF'). On heating, the FPUF rapidly emitted a smoke that is initially rich in respirable, iso-cyanate-containing particles. Exposed mice developed marked breathing difficulties associated with increased lung water. These changes were accompanied by notable reductions in the recovery of macrophages from the lungs, apparently because of macrophage breakdown following particle ingestion. These findings isolate a relatively early event following smoke inhalation and suggest another pathway by which some smoke particles may contribute to the inhalation injury. Some of the results were presented earlier in abstract form (17) .
MATERIAL AND METHODS
Smoke Exposure System ( Fig. 1) and Protocol. Pathogen-free CFW male mice, 7-9 wk old and weighing 25-32 g, were procured from Charles River Inc., of both Michigan and Montreal, and quarantined for 1 wk in cages of 5 each. Between 10 and 15 nonfasted mice were placed in a wire cage with a 1-cm-wide mesh, and the cage was placed in the smoke exposure chamber. A precut, 900-mg &dquo;stick&dquo; of the FPUF, about 12 cm long and 1.5 cm/side, was then inserted into a quartz oven tube preheated at 400°C. The FPUF was synthesized from toluene FIG. smoke exposure system. Tube furnace (A). Temperature is controlled by regulator (B) with thermocouple tip (B,) in contact with the quartz tube oven (C). A stick ofFI~UF (900 mg) in a quartz boat (D) is inserted into the preheated 400°C oven by removing the left-hand glass joint (through which an air flow is to be started). Immediately after fuel (D) is inserted into the oven (C), the joint is quickly replaced and air flow (H) at 1 L/min is started. It carries the smoke from the oven into and out of the smoke exposure chamber (E), where the mice have already been placed. The chamber is a modified 20-L quartz desiccator jar. Suspended from under the cover inside is a fan (not shown) regulated (F) to disperse the smoke as it enters the chamber. Thermocouple-thermometers to monitor temperatures inside the oven tube during warm-up (go) and during exposures near oven exit (Csz) and inside the chamber (G3). diisocyanate (35%) and a polyglycol (63-6~%) without the addition of flame retardants or pigments. Compressed air flowing at 1 L/min into one end of the oven tube carried the evolving smoke into the chamber, where it was dispersed by a small fan and allowed to escape through an exit port. The mice were exposed for 30 min and then removed. Control mice were exposed only to air flowing through the oven tube, i.e., sham exposures. Samples of the chamber atmosphere were taken at 7-min intervals under typical exposure conditions and were analyzed by chromatography for oxygen (0,), carbon dioxide (C02), and carbon monoxide (CO) concentrations.
Postexposure Studies. Most mice were examined after 8 hr; smaller numbers after 4 and 12 hr. Experiments were repeated about 1 yr later, when the mice were also examined 2 hr after exposure. This is described separately because those mice were then being raised by the same supplier at a different location. Bronchoalveolar lavage (BAL) was performed as described previously (24) . Briefly, the trachea was cannulated and 0. 8 ml of saline was infused by a standardized gravity force and aspirated 4 times and the recovered fluids were pooled. In preliminary studies with normal mice, 3 lavage durations were assessed. For both long and intermediate durations, the saline was infused and aspirated over a period of 15 sec each, but for long washes only the infused fluid was allowed to remain in the lungs for 45 sec before it was aspirated. Thus, the total time the fluid was in contact with the lung was 30 sec for the washes of intermediate duration and 75 sec for the long duration. For the short-duration washes, the saline was infused and aspirated rapidly, over about 3 and 5 sec, respectively, and without an interval. Thus, the total fluid-lung contact time was 6-10 sec. Total cell counts and total protein determinations on the recovered fluid were performed (24) . Soluble N-acetyl-#-glucosaminidase (NA#G) activity at pH 4.4 and at 37°C was measured in 6,000 x g supernatant lavage fluid, using 3.8 mM of the p-nitrophenyl substrate (11) . Activity is expressed as micrograms of p-nitrophenol enzymatically liberated per hour at 37°C. Cytospin preparations of the recovered fluid were stained for differential leukocyte counts among at least 200 cells and for the histochemical demonstration of NA#G (14) . Some samples of cells in the lavage fluid were examined by routine electron microscopy. Both lavaged and nonlavaged lungs were fixed by formalin infusions through either the trachea or the pulmonary artery FIG. 2.-Scatter plots of wet lung weight/dry lung weight ratios and of absolute dry weights in control or nonexposed (0) and in test or exposed (x) mice. The differences between the two groups were significant for both changes; p = 0.00 1 for ratios and p = 0.01 1 for dry weights. and processed for routine histology. Statistical analyses were done using both the Student's t-test and Mann-Whitney test for nonparametric means.
RESULTS
The smoke from the FPUF was yellow, dense, and particle-rich within seconds of heating; wispy, whitish, and particle-poor by [3] [4] min; and inapparent by 30 Histological Changes in Exposed Mice Focal airway epithelial necrosis was found in the trachea and with decreasing frequency distally but not in terminal bronchioles. Vessels were markedly congested, and there was edema around bronchovascular trunks. There were no convincing differences among the 2-, 4-, 8-, and 12-hr groups, except for increased numbers of neutrophilic polymorphonuclear leukocytes (PMNs) within alveoli with time. Microvascular margination of PMNs was not detected. Smoke particles were very difficult to detect, irrespective of the method of lung fixation.
BAL Protocol
The preliminary studies showed that the longer the BAL wash duration, the significantly greater the mean number of total cells recovered, i.e., 211 ± SD 60 x 103 (23 mice), 312 ± SD 41 1 x 103 (47 mice), and 503 ± SD 88 x 103 (20 mice) after short, intermediate, and long lavages, respectively. The fluid volumes recovered were similar in all groups.
Macrophages comprised 96-99% and PMNs only 1 to less than 2% of all cells recovered after the intermediate and long washes. However, significantly * All absolute values significantly different from unexposed (p = 0.01 or less). ** All percentage values significantly different from unexposed (p = 0.05 to 0.01). fewer macrophages (87%) and greater numbers of PMNs ( 10%) were recovered after short washes. Accordingly, short washes were not further used. The different wash durations had no effect on the recoveries of total protein and NAOG activity.
BAL Changes in Exposed Mice
There was no resistance to and no time delays in infusing the same volume oflavage fluid as was used for unexposed mice. The volumes of lavage fluid recovered from unexposed and exposed mice were also similar, irrespective of the lavage durations. However, macrophage and total cell recoveries from exposed mice were significantly reduced. In contrast, th ~: gniiicant increases in total protein, N and the number of PMNs (Table I) . -r, except for progressive increases in PMNs. T -.s mverse pattern of decreases in macrophages and increases in enzyme, protein, and PMNs was consistently reproduced at different times. Table II shows very similar findings in the BAL fluid recovered 2 hr after exposure when similar breathing difficulties were evident. However, there were no significant changes in PMN numbers.
Macrophages recovered from exposed mice were markedly altered (Fig. 3a-e ). The nuclear chromatin * Absolute values significantly different from unexposed (p = 0.001 ). All other differences are not significant. was often condensed. The cytoplasm was swollen and vacuolated and contained spherical particles that were yellow, autofluorescent, homogeneous, and identical to those found in the early smoke and that were mostly less than 10 ,uM in diameter (Fig. 3f ). The particles contained isocyanates, detected by infrared microscopy (Dr. M. Falk, personal communication). Particles were uncommonly found in PMNs. Macrophages from unexposed mice appeared normal, and the histochemical activity of NAOG was confined to discrete lysosomal-like, cytoplasmic granules. However, these granules were either reduced in number or absent in the macrophages from exposed mice. There were abundant cellular debris, including pyknotic nuclei and free lysosomal-like granules, and free smoke particles in the same lavage fluids.
DISCUSSION
The lung pathology observed in various animal species following experimental exposures to smoke from many different fuels, including polyurethane foams, is quite similar: airway epithelial necrosis and parenchymal congestion, edema, hemorrhage, and inflammation (6, 25) . The nonspecificity of these changes probably reflects the direct toxicity of many smoke constituents (2, 7, 9, 12, 16, 20, 29) , the effects of products released from locally altered or reactive inflammatory leukocytes (3, 16, 29, 31) , platelets and endothelial cells (5, 28, 33) , and changes in lung blood flow (29) . We too found similar lung pathology in the exposed mice. However, BAL revealed unique changes in lung macrophages.
The Smoke Exposure System
The smoke exposure system was based on standard guidelines (1, 6, 8, 18, 22) . The heating temperature, the supply of air, and the physical form of measured, but toxic amounts are not usually generated unless FPUF is heated at over 500°C (23) . The body weight mass of the mice was less than 3% of the chamber volume, so there was no overcrowding. However, the mice huddled, with the noses of some buried in the fur of others. Such behavior probably resulted in unequal exposures and might explain some of the variations in the results. The chamber temperature was always that of the room, so there was no thermal stress. The FPUF is a polymer of toluene diisocyanate and a polyglycol linked by urethane bonds that rapidly dissociate at low temperatures, e.g., 200°C (24) . The highly volatile isocyanates escape into the smoke affluent and rapidly become particulate on cooling (23, 25, 32) , within seconds of heating in our system. Identical particles were recovered from the lungs of exposed mice. The residual char, derived mainly from the polyglycol (23), decomposes more slowly, without evident particle formation at 400°C.
Effects of Exposures to FPUF Smoke
Breathing difficulties developed rapidly in association with increases in the wet and dry lung weights (7, 34) and in total protein in the recovered lavage fluids. These rapidly occurring changes, exudative in character, were more likely the result of smoke toxicity than of cardiac failure or infection. Significant lung surfactant disturbances were previously demonstrated (26) .
Over 90% of total cells recovered by BAL are alveolar macrophages ( 15) . We confirmed in normal mice a direct relationship between the numbers of macrophages recovered and the duration of the lavage period (4) . Thus, the significant reductions in macrophages recovered from exposed mice by lavages of either intermediate or long durations, were not simply artefacts of insufficient lavage time. Nor were the reduced recoveries simply the result of difficulties of infusing or aspirating lavage fluid in ex-posed mice, because infusion pressures and times were identical to those used in unexposed mice. Additionally, the volumes of fluid recovered were virtually identical. Finally, these observations were also made among exposed mice at all postexposure times. We believe, therefore, that the reduced macrophage recoveries were due, in part at least, to macrophage breakdown. First, recovered macrophages contained numerous yellow particles and showed signs of injury, including loss of lysosomal-like granules. Second, the free activity of the lysosomal marker enzyme was significantly increased in the same lavage fluid, which also contained cellular debris. Isocyanates are highly reactive free-radical compounds, and these ingested particles might have caused macrophage death through free-radical toxicity. This idea will be assessed in vitro by incubating the particles with lung macrophages. If postphagocytic cytotoxicity is demonstrable, it will remain to explore its role in the smoke-induced lung injury. PMN leukocytes played an important role in the lung injury in another smoke inhalation model (29) . A role for these cells in initiating the lung injury in our model is not ruled out, although respiratory difficulties were present 2 hr after exposures when PMN numbers in lavage fluids were unchanged. Histology revealed focal necrosis and inflammation of airway epithelium, particularly tracheal, and these changes no doubt contributed to the overall changes in the lavage fluid, but possibly only to a limited extent because the tip of the lavage cannula bypasses most of the trachea (24) . BAL studies of experimental smoke inhalation injuries are limited (16) , but the results showed macrophages with altered antibacterial activity (10) and lysosomal enzyme activity (31 ) . The present findings of particle-associated reductions in macrophage recoveries have not been observed previously. Also, we found BAL more sensitive than histology in detecting and quantitating lung alterations. BAL lends itself to making assessments of the relative roles of particulates and gases in the injury mechanisms (12, 20) . While filter removal of smoke particles reduced the toxicity of the smoke in other models (6, 20, 30) , filters also absorb other smoke constituents. In our model, the particles appear in the smoke within seconds of heating and are undetected after a few more minutes of heating; i.e., there are distinct periods of particle-rich smoke and particle-poor smoke, to which mice can be exposed separately, thus eliminating the need for filters.
